IMPORTANCE Both parapapillary and macular areas are important in determining the progression of early glaucoma. However, no attempt has been made to assess the progression of glaucoma in images that combine the 2 areas.
E valuation of structural progression is essential to the overall treatment of patients with glaucoma and the management of their disease. For monitoring of glaucoma and detection of its structural progression, especially in the early stage, optical coherence tomography (OCT) has been widely used. [1] [2] [3] [4] Classically, assessment of progressive changes in the optic disc and retinal nerve fiber layer (RNFL) is integral to evaluation of structural progression. 3 During the past few years, the value to glaucoma diagnosis of assessing the macular inner retinal structure, including the ganglion cellinner plexiform layer (GCIPL), has been recognized and emphasized in many studies and reports. Indeed, those reports have demonstrated GCIPL parameters' comparable or better glaucoma progression detection and diagnostic performances compared with those of RNFL parameters. ) based not only on RNFL but also GCIPL parameters.
Recently, many studies have attempted to integrate the RNFL and GCIPL diagnostic parameters and to determine their spatial relations. Wide-field OCT scanning with swept-source OCT (SS-OCT) technology also has been introduced and used in early glaucoma diagnosis. However, no studies using serial combined wide-field OCT maps integrating RNFL and GCIPL maps for determination of early glaucomatous structural progression have been reported to date and to our knowledge. The purpose of the present study was to evaluate the utility of the serial analysis and the diagnostic performance of wide-field OCT maps for detection of early glaucomatous structural progression, as clinically confirmed by stereo disc photographs and red-free photographs.
Methods
This study was approved by the institutional review board of Seoul National University Hospital. All patients provided written informed consent. The study design followed the tenets of the Declaration of Helsinki 11 for biomedical research.
Participants
For this observational study, we enrolled 94 patients with early open-angle glaucoma (OAG) at the Department of Ophthalmology of Seoul National University Hospital from October 2012 to November 2017. Analyses began in December 2017. The study individuals were participants in the Macular Ganglion Cell Imaging Study, an ongoing prospective study designed in 2011. All participants underwent a complete ophthalmologic examination, including visual acuity testing, manifest refraction assessment, slitlamp examination, intraocular pressure measurements using Goldmann applanation tonometry, gonioscopy, dilated fundus examination, stereo disc photography and red-free RNFL photography (TRC-50IX; Topcon Corporation), Swedish interactive thresholding algorithm 30-2 perimetry (Humphrey Field Analyzer II; Carl Zeiss Meditec), and Cirrus HD-OCT (Carl Zeiss Meditec, Inc). Both eyes were imaged by Cirrus HD-OCT and examined by standard automated perimetry every 6 to 12 months for at least 36 months.
Patients with OAG were identified by the presence of a characteristic optic disc (ie, localized or diffuse neuroretinal rim thinning, increased cupping or cup-disc ratio difference >0.2 between the eyes) on stereo disc photography and the presence of RNFL defect on red-free fundus imaging, regardless of the presence or absence of glaucomatous visual field (VF) defects and an open angle confirmed by gonioscopic examination. Glaucomatous VF defects were defined as (1) glaucoma hemifield test values outside the normal limits; (2) 3 or more abnormal points with a less than 5% probability of being normal, among which at least 1 point has a pattern deviation probability of less than 1%; and (3) a pattern standard deviation probability of less than 5%. Visual field defects were confirmed on 2 consecutive reliable tests (fixation loss rate ≤20%, false-positive and false-negative error rates ≤25%). Also, enrolled patients with OAG all had a mean deviation of more than −6 dB or preperimetric glaucoma without glaucomatous VF defects.
The inclusion criteria were (1) unilateral or bilateral OAG, both eyes having a mean deviation of at least −6 dB on VF testing; (2) clinically confirmed structural progression during the follow-up period; and (3) follow-up examination with at least 4 serial RNFL and GCIPL OCT measurements and standard automated perimetry for more than 36 months. Additionally, patients eligible for inclusion in the study had to have a bestcorrected visual acuity of 20/40 or better, spherical equivalent refractive errors between +6.0 and −6.0 D, and cylinder correction less than 3.0 D. The exclusion criteria were a history of ophthalmic surgery (eg, glaucoma-filtering surgery), any other ocular disease that could interfere with visual function, any media opacity that would significantly interfere with acquisition of OCT images, and inability to obtain a highquality OCT image (ie, signal strength <6). For cases in which both eyes met all of the eligibility criteria, 1 eye was randomly chosen as the study eye prior to the analyses.
Determination of Glaucomatous Structural Progression
Each patient's structural progression status was determined from changes on entire series of stereo disc photography and
Key Points
Question Is serial analysis of combined wide-field optical coherence tomography maps integrating retinal nerve fiber layer and ganglion cell-inner plexiform layer maps useful in detecting structural progression in patients with early glaucoma?
Findings In this observational imaging study, the serial wide-field optical coherence tomography maps showed early glaucomatous structural progression detection abilities comparable with those of an embedded analysis software.
Meaning
The serial combined wide-field optical coherence tomography maps performed well in detecting structural progression in early glaucomatous eyes, but confirmation in an independent prospective study might provide greater confidence in this conclusion.
RNFL photography (nonprogressor vs progressor). Progressive optic disc changes (ie, focal or diffuse rim narrowing, neuroretinal rim notching, increased cup-disc ratio, adjacent vasculature position shift) were determined by comparison of entire serial stereo disc photographic images and regarded as indicative of glaucoma progression. Changes in RNFL defects were determined from entire serial RNFL photographs and defined as the appearance of a new defect or an increase in the width or depth of an existing defect. These changes were regarded as indicative of clinically confirmed structural progression.
12 Two observers (Y.K.K. and J.W.J.) masked to all other patient information independently evaluated all of the photographs. In cases of disagreement, a third glaucoma specialist (K.H.P.) served as an adjudicator.
Combined Wide-Field OCT Maps
The optic disc cube scan (200 × 200 pixels) and ganglion cell analysis protocol for macular cube scanning (6 × 6 mm 2 , 200 × 200 pixels) were used for diagnosis of and follow-up on glaucoma. Detailed information on those procedures has been previously published.
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With the built-in analysis software (Cirrus HD-OCT software, version 10.0), combined wide-field OCT maps (PanoMaps, CSA) were generated. Two maps (optic disc cube and macular cube) obtained on the same day were integrated into 1 image, and the data sets were montaged. The OCT en face images are registered to each other using the blood vessel crossings as features. The transformation derived from this was used to adjust the thickness maps and deviation maps for the purpose of presentation. The 2 scans were blended using an algorithm, which combined the 2 maps in the areas of overlap. Thereby, the combined wide-field RNFL thickness map and combined wide-field deviation map were obtained. For the deviation maps, if a pixel was deviated from either the optic disc cube or macular cube, it was shown as deviated on the widefield OCT maps ( Figure 1, Figure 2 , and eFigures 1, 2, 3, and 4 in the Supplement).
Determination of Early Glaucomatous Structural Progression in Wide-Field OCT Maps
To evaluate structural progression using the serial wide-field OCT maps, 2 sets of serial wide-field OCT thickness maps and wide-field OCT deviation maps for each patient were prepared ( Figure 1, Figure 2 , and eFigures 1, 2, 3, and 4 in the Supplement). Structural progression on the serial wide-field OCT thickness maps was defined as the appearance of a new RNFL defect or an increase in the width or depth of an existing defect. Structural progression on the serial wide-field OCT deviation maps was defined as the appearance of a new RNFL defect (deviated pixels) or an increase in the width of an existing defect (deviated pixels). Two observers (W.J.L. and T.J.K.) masked to all other patient information independently evaluated all of the serial image sets. In cases of disagreement, a third glaucoma specialist (K.H.P.) served as an adjudicator. The Cirrus HD-OCT GPA (version 10.0) provided event and trend analyses for detection of progressive thinning of the parapapillary RNFL and macular GCIPL. The method has been described in detail elsewhere.
14 Structural progression, as detected by OCT GPAs during follow-up, was defined as likely progression in the event analysis (RNFL change map and summary of parameters or GCIPL change map and summary of parameters), and the same changes were observed at the latest follow-up visit.
Statistical Analyses
All of the statistical tests were performed using PASW Statistics, version 18 (SPSS). To evaluate the interobserver-agreement reliability for determination of structural progression using serial wide-field OCT maps, κ coefficients were calculated. To compare the characteristics, including the changing rates of OCT parameters, χ 2 test for categorical variables and the independent t test for continuous variables were used. To assess the abilities of each categorical variables such as serial wide-field OCT maps to distinguish participants with progressor from nonprogressor, sensitivities and specificities were tested. The
McNemar test was used to compare the sensitivities and specificities of the different OCT methods (wide-field OCT maps and GPAs) for detection of structural progression. The values were recorded in the form of the mean (SD). P values less than .05 were considered statistically significant.
Results
The study involved 94 early OAG eyes meeting the inclusion criteria. Of these, 47 eyes (50%) were classified as nonprogressors and 47 eyes (50%) were classified as progressor on the basis of serial stereo disc photography and red-free fundus photography (clinically confirmed structural progression).
Clinical Demographics
All 94 patients with early OAG (48 women [51.1%]) were Korean, and the mean (SD) age was 51.4 (12.3) years. Table 1 shows the clinical demographics of all patients at the time of enrollment. The mean (SD) number of OCT scans was 5.4 (0.9), and the mean (SD) follow-up period was 56. Guided Progression Analysis 
Sensitivities and Specificities of Combined Wide-Field OCT Maps for Detection of Clinically Confirmed Structural Progression
The 2 graders showed good overall agreement in determining whether structural progression had been detected (widefield OCT thickness map: κ = 0.649, P < .001; wide-field OCT deviation map: κ = 0.833, P < .001). The sensitivities and specificities of the combined wide-field OCT maps and GPAs are presented in Table 3 . The combined wide-field OCT maps showed sensitivities and specificities for detection of structural progression in early glaucoma comparable with those of the RNFL and GCIPL GPAs (sensitivities: wide-field OCT thickness map, wide-field OCT deviation map, RNFL GPA, and GCIPL GPA = 63.8%, 83.0%, 83.0%, and 66.0%, respectively; all P > .05; specificities: wide-field OCT thickness map, widefield OCT deviation map, RNFL GPA, and GCIPL GPA = 93.6%, 95.7%, 84.8%, and 93.6%, respectively; all P > .05).
Discussion
Efforts to evaluate glaucomatous structural progression, especially in the early stage of glaucoma, have been redoubled in recent years. 15-17 Also, the evaluation approach has evolved, becoming more comprehensive in including the optic disc and macular area. [18] [19] [20] [21] [22] [23] Our study demonstrated, as confirmed by stereo disc photography and/or red-free fundus photography, that serial combined wide-field OCT maps show detecting ability comparable with RNFL and GCIPL GPA software in determining structural progression in eyes with early OAG. To our knowledge, this is the first study to apply commercially available combined wide-field OCT maps for evaluation of structural progression.
Recently, a few studies that evaluated glaucomatous structural progression with reference to the inner macular area including the GCIPL and RNFL have been published. 13, 14, 24, 25 The macular GCIPL thinning rates of glaucomatous eyes were faster than those of normal healthy eyes 24 and were significantly faster for patients with glaucoma with progression than for those without progression. 13 Commercially available GCIPL GPA provides a new approach to the evaluation of structural progression, one that may be more useful than RNFL GPA for detection of progression in advanced glaucoma. 14 Additionally to these studies, attempts have been made to integrate parapapillary RNFL and macular GCIPL in the evaluation of glaucomatous eyes. In 2017, Hood 20 hypothesized that early glaucomatous damage involves the macular area and that glaucomatous macular damage typically is associated with local RNFL thinning in a narrow region of the disc that they called the macular vulnerability zone. The same research group recently developed a probability map (ie, the study by Hood 20 ) using SS-OCT technology with its wide-field scan protocol (12 × 9 mm) that makes possible the direct comparison of local retinal ganglion cell and RNFL loss with local loss in VF sensitivities. 18, 20, 21, [26] [27] [28] However, their OCT device was a prototype and not commercially available, and their software also was under development; moreover, they did not evaluate pro- gression with serial OCT maps. After wide-field SS-OCT scanning and an SS-OCT probability map became commercially available, the diagnostic performance of wide-field SS-OCT RNFL maps for early glaucoma 29 and of the study by Hood 20 for prediction of future VF changes in preperimetric glaucoma patients, 30 respectively, were evaluated. However, structural progression was not evaluated in either study. A wide-field OCT map (Cirrus) prototype recently was introduced in a study evaluating the effect of fovea-disc-angle axis adjustment, but that study did not evaluate structural progression either. 31 More recently, our group introduced an integrated deviation map merged by superimposition of parapapillary RNFL and macular GCIPL deviation maps (from a Cirrus HD-OCT) onto RNFL photography as aligned by a raster graphics editor (Adobe Photoshop) software based on vascular landmarks. 22, 23 The method used in those studies was similar to the principle of wide-field OCT map operation. In those studies, we classified early glaucomatous changes according to the topographic association between parapapillary RNFL and macular GCIPL deviation maps 23 and observed longitudinal progression patterns among the classified subgroups. 22 However, we evaluated progression only with 2 integrated deviation maps (the initial map and the final map introduced 3 years later), and we performed no automated integration by algorithm (ie, by wide-field OCT maps) or serial comparisons. Combined wide-field OCT maps have a number of advantages for evaluation of glaucomatous structural progression. First, structural progression can be interpreted comprehensively in both the parapapillary and macular areas in 1 single image. Note too that as the hardware and software are developed over time, it will be possible to capture this wide area at once and perform wide-field GPA for automatic determination of progression. Second, various progression patterns of glaucomatous change can be observed and investigated. In the present study, as in an aforementioned study, 22 there were some cases showing infero-inferior RNFL defect with inferior macular GCIPL defect that were not directly connected on the deviation map at the baseline. As the disease progressed, RNFL thinning in the macular vulnerability zone developed, and the defects on the deviation maps were connected with each other (Figure 1 and Figure 2 ). In other patterns showing RNFL defect in the macular vulnerability zone with corresponding macular GCIPL defect at the baseline, the widening of defects were progressed in both the parapapillary and macular areas and connected with each other (eFigures 3 and 4 in the Supplement). Also, there was another pattern showing newly developed defects rather than preexisting ones, in which cases those new defects were well visible on the combined wide-field OCT maps (eFigure 4 in the Supplement). Although we could not classify the progression patterns precisely in this study owing to the small sample size, our serial combined wide-field OCT maps analysis certainly will facilitate progression-pattern classification in a future study. The third advantage of wide-field OCT maps for evaluation of glaucomatous structural progression is that they can provide more objective information for more accurate determination of structural progression. Whereas stereo disc photography and redfree photography have indeed been the criterion standard for determination of structural progression, it is sometimes very difficult, with conventional red-free photography, to evaluate deepening or widening of RNFL defects (because it is affected by photograph quality and a patient's pigmentation status).
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Combined wide-field OCT maps visualized by color coding with an objective digitalized database or deviation-from-normative database can provide results that are more objective for evaluation of structural progression. In this regard, the wide-field OCT deviation map, compared with the wide-field OCT thickness map, might offer the chief benefit, as it is more objective and can visualize quantitative analysis results.
Limitations
This new visualizing technology has some limitations. First, in the process of combining the 2 OCT maps, errors such as misalignment of the fovea-disc-angle axis or a too-short distance between the fovea and disc can be incurred, which errors, because manual modification is impossible, interfere with the analysis. In the present study therefore, we excluded such error images from our analysis. We analyzed a total of 472 widefield OCT map images, of which 22 (4.7%) had problems as described above. Second, combining the wide-field OCT map images and serializing them for analysis is time consuming. It is expected that these limitations will be overcome once newer technology becomes available in the near future. Our study has several weaknesses. First of all, the small sample size might be the major limitation of this study. Because we performed this study based on a previous cohort that had been evaluating glaucoma progression, the proportion of progressors were relatively high. Independent prospective study with larger samples might provide greater information, especially in cases showing discrepancy between RNFL and GCIPL GPA. Second, we determined whether structural progression on combined widefield OCT maps was visible or not, which depends on graders' judgment based on a qualitative approach. Although we performed the analyses in the masked fashion and evaluated the interobserver agreement with statistical methods, the objectivity of those determinations could be challenged. Third, we enrolled only patients with early-stage glaucoma for this imaging study because RNFL or GCIPL defects are well visible on thickness and deviation maps only in such cases. Indeed, by our quantitative approach, patients with severe myopia or advanced-stage glaucoma with diffusely thinned retinal layers cannot be evaluated. Fourth, because the reference standard of progressive changes relied on detecting change on stereo disc photographs and redfree RNFL photographs, GCIPL may not be as good at detecting glaucoma progression. Fifth, the number of OCT images acquired was limited and this may be insufficient to confidently detect progression. Thus, further studies acquiring more OCT images may be required to evaluate the structural progression.
Conclusions
Serial combined wide-field OCT maps integrating RNFL and GCIPL OCT maps performed well in detecting structural progression in early glaucomatous eyes. Serial analysis with these maps facilitates effective visualization and objective assessment of structural progression. 
